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Abstract
The small, annual grass Brachypodium distachyon (L.) Beauv., 
a close relative of wheat (Triticum aestivum L.) and barley 
(Hordeum vulgare L.), is a powerful model system for cereals and 
bioenergy grasses. Genome-wide association studies (GWAS) 
of natural variation can elucidate the genetic basis of complex 
traits but have been so far limited in B. distachyon by the lack 
of large numbers of well-characterized and sufficiently diverse 
accessions. Here, we report on genotyping-by-sequencing (GBS) 
of 84 B. distachyon, seven B. hybridum, and three B. stacei 
accessions with diverse geographic origins including Albania, 
Armenia, Georgia, Italy, Spain, and Turkey. Over 90,000 
high-quality single-nucleotide polymorphisms (SNPs) distributed 
across the Bd21 reference genome were identified. Our results 
confirm the hybrid nature of the B. hybridum genome, which 
appears as a mosaic of B. distachyon-like and B. stacei-like 
sequences. Analysis of more than 50,000 SNPs for the B. 
distachyon accessions revealed three distinct, genetically defined 
populations. Surprisingly, these genomic profiles are associated 
with differences in flowering time rather than with broad 
geographic origin. High levels of differentiation in loci associated 
with floral development support the differences in flowering 
phenology between B. distachyon populations. Genome-wide 
association studies combining genotypic and phenotypic data 
also suggest the presence of one or more photoperiodism, 
circadian clock, and vernalization genes in loci associated 
with flowering time variation within B. distachyon populations. 
Our characterization elucidates genes underlying population 
differences, expands the germplasm resources available for 
Brachypodium, and illustrates the feasibility and limitations of 
GWAS in this model grass.
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Filtering Sequencing Data for Single-Nucleotide 




































Species Assignment via Sequencing  


















































































































































































Genome-Wide Association Studies  




























Table 1. Analysis of linkage disequilibrium for the full 
set of 84 Brachypodium distachyon accessions and 
subsets corresponding to Populations 1 and 2.
Range
Full set Population 1 Population 2
Measures r 2 Measures r 2 Measures r 2
kb
<1 101682 0.141 93890 0.126 90430 0.175
1–10 40004 0.327 24077 0.409 18151 0.408
10–20 38667 0.293 23915 0.360 16979 0.350
20–30 37868 0.273 23152 0.326 16366 0.331
30–50 72706 0.264 43151 0.301 31195 0.305
50–70 71140 0.248 42269 0.267 30496 0.284
70–100 106461 0.233 62861 0.236 45629 0.270
100–200 348034 0.213 202529 0.194 146346 0.250
200–300 343430 0.191 195570 0.151 142376 0.227
300–400 334274 0.178 186478 0.128 138778 0.217
400–500 335245 0.168 186152 0.113 138968 0.203
500–600 332148 0.164 183407 0.104 136280 0.197
500–700 330413 0.159 182499 0.097 136301 0.188
700–1000 958789 0.155 523570 0.089 402062 0.184
1000–5000 2164688 0.168 1924432 0.078 1923235 0.188



































































Fig. 1. Geographic distribution of Brachypodium accessions used in this study. Each dot represents an individual accession, with the 
color of the outer ring representing inferred species (B. distachyon in dark blue, B. stacei in red, and B. hybridum in purple). The inner 
pie chart represents the inferred ancestries of each accession as determined by STRUCTURE analysis (Population 1 in dark blue, Popu-
lation 2 in cyan, Population 3 in red, Population 4 in yellow, and Population 5 in black). 1, the exact location of this collection site in 
Iraq is unknown; 2, the collection site is Kalafabad, Iran (not shown). Detailed collection site information is listed in Supplemental Table 
S1. Species assignments and STRUCTURE analysis are discussed in the main text.























































between	the	three	species	(B. stacei,	B. hybridum,	and	B. 
distachyon)	at	a	genome-wide	level.
Brachypodium hybridum Is Intermediate  
to Brachypodium stacei and Brachypodium 
































Fig. 2. Levels of missing data and apparent heterozygosity in 
genotyping-by-sequencing results for Brachypodium accessions. 
The number of accessions with a given percentage of single-
nucleotide polymorphisms represented by missing data (alleles 
called as N’s, white bars) or nucleotide ambiguity codes (indicat-
ing two alleles, gray bars) is shown.

























Genotyping-by-Sequencing Yields Unambiguous 
Species Assignments Confirmed by Sequencing 




























Fig. 3. Principal component analysis clusters the three species separately, with Brachypodium hybridum intermediate to B. stacei and B. 
distachyon. Principal component analysis was performed for 99,872 single-nucleotide polymorphisms using EIGENSOFT (Patterson et 
al., 2006; Price et al., 2006). The values of principal component 1 and 2 (PC 1 and PC 2, explaining 29.9 and 10.0% of the variation 
in the data set and represented by the x- and y-axes, respectively) were plotted for each accession. Each open diamond represents an 
individual accession. Because of overlap, not all diamonds are clearly visible. Cluster 1 contains known B. stacei lines exclusively. Clus-
ter 2 includes the reference B. hybridum lines ABR113 and ABR100. Cluster 3 contains reference B. distachyon lines in two of the three 
subgroups: Bd1-1 in subgroup 3B, and Bd21, Bd21-3, and Bd3-1 in 3C. Subgroup 3A contains four Italian accessions.























Geographic Origin Does Not Fully Explain 

























Fig. 4. STRUCTURE analysis reveals distinct genomic signatures for Brachypodium stacei, B. hybridum, and B. distachyon. The results 
of a representative replicate for K = 5 populations are shown. Each of the 94 accessions is represented by a vertical bar. Color coding 
along the y-axis indicates the proportion of the individual’s ancestry inferred to be derived from Population 1 (dark blue), 2 (cyan), 3 
(red), 4 (yellow), or 5 (black). Accessions are ordered from left to right with B. stacei first, B. hybridum second, and then B. distachyon 
accessions grouped by country of origin.

























Fig. 5. Sequences for the plastid trnLF locus distinguish Brachypodium distachyon from B. stacei and B. hybridum. This neighbor-joining 
tree—generated in MEGA5 (Tamura et al., 2011)—is based on nucleotide sequences from the region between the chloroplast trnL and 
trnF genes for accessions analyzed by genotyping-by-sequencing. The tree is a consensus from 500 bootstrap replicates. Numbers 
indicate bootstrap support, and only branches with >50% support are shown. Blue lines indicate B. distachyon-like sequences, while 
red lines indicate B. stacei-like sequences. Blue squares mark the reference B. distachyon lines Bd21, Bd1-1, and Bd21-3; purple circles 
mark the reference B. hybridum lines ABR113 and ABR100; and a red triangle marks the reference B. stacei line ABR114.



























Flowering Time Differences Are Largely 















































































Many Single-Nucleotide Polymorphism 
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Fig. 6. Vernalization responsiveness and flowering time vary between accessions. Flowering time was measured after seeds had been 
cold treated for 2 or 6 wk. (a) Plants of the Population 1 accession Spa-Nor-S11B were photographed after 8 wk of growth; the plants 
on the left and right experienced 6 and 2 wk of cold treatment, respectively, before sowing. (b) Plants that had been cold treated for 
6 wk as seeds were photographed after 9 wk of growth; Bd3-1 is from Population 1 (blue), Alb-AL1A from Population 2 (cyan), and 
Ita-Sic-LPA3 from Population 5 (black). The scale bars in (a) and (b) represent 10 cm. (c) Flowering time is shown as the average num-
ber of days required for flowering for two to four plants per accession per treatment. Plants that had not flowered by the end of the 
experiment were assigned a flowering time of 150 d. Most accessions are represented by black lines; select accessions are highlighted 
as follows: Irq-Bd3–1, solid, dark blue line; Irq-Bd21, dotted, blue line; Irq-Bd21-3, dashed, blue line; Tur-Bd1-1, solid, cyan line; and 
Tur-Tek-9, dashed, cyan line. (d) On average, after 6 wk of cold treatment, Population 1 accessions flowered earlier than Population 2 
accessions. The black triangles indicate the average flowering time in days. The shaded boxes represent the second and third quartiles, 
while the whiskers indicate the maximum and minimum flowering times for accessions in the two populations. The median is repre-
sented by a horizontal black line across the shaded box for Population 1 and is at 150 d for Population 2. Sample sizes are 48 and 10 
accessions for Populations 1 and 2, respectively.





































































Linkage Disequilibrium Declines More Quickly  
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Genome-Wide Association Mapping Reveals 
Significant Associations for Flowering Time after 










































Fig. 7. Linkage disequilibrium decays more quickly in Brachypodium distachyon Population 1 than Population 2. Linkage disequilibrium 
(LD) plots for the complete set of 84 B. distachyon accessions, 57 Population 1 accessions, and 23 Population 2 accessions are shown 
in (a), (b), and (c), respectively. Linkage disequilibrium was not analyzed separately for the four Population 5 accessions because of the 
small sample size. Pairwise LD values (r2) are plotted against physical distance. Trend lines represent plot data fitted with a generalized 
additive model curve.
Table 2. Significantly overrepresented biological pro-
cess gene ontology (GO) terms among genes near 










GO:0006807 Nitrogen compound metabolic process 43 3898 0.00046 0.0077
GO:0022414 Reproductive process 15 732 0.00013 0.0077
GO:0000003 Reproduction 22 1449 0.00028 0.0077
GO:0006139 Nucleobase, nucleoside, nucleotide 
and nucleic acid metabolic process
43 3898 0.00046 0.0077
GO:0048856 Anatomical structure development 19 1250 0.00074 0.0099
GO:0009058 Biosynthetic process 53 5311 0.00093 0.01
GO:0009908 Flower development 10 469 0.0013 0.011
GO:0048608 Reproductive structure development 10 474 0.0015 0.011
GO:0003006 Reproductive developmental process 10 474 0.0015 0.011
GO:0030154 Cell differentiation 10 534 0.0034 0.021
GO:0048869 Cellular developmental process 10 534 0.0034 0.021
GO:0032501 Multicellular organismal process 29 2636 0.0048 0.027
GO:0009653 Anatomical structure morphogenesis 13 886 0.0068 0.034
GO:0007275 Multicellular organismal development 28 2591 0.0071 0.034
GO:0009791 Post-embryonic development 18 1441 0.0079 0.035
GO:0016049 Cell growth 8 465 0.013 0.045
GO:0090066 Regulation of anatomical  
structure size
8 465 0.013 0.045
GO:0032502 Developmental process 29 2806 0.011 0.045
GO:0008361 Regulation of cell size 8 465 0.013 0.045











































Fig. 8. Manhattan plot showing single-nucleotide polymorphism marker associations with flowering time following 6 wk of vernalization 
across the five chromosomes of Brachypodium distachyon. The chromosomal locations of B. distachyon homologs of previously charac-
terized flowering time, circadian rhythm, and photoperiod genes are indicated. A horizontal gray dashed line represents the adjusted 
genome-wide significance threshold.
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